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ABSTRACT
Pour collections of brown shrimp (Penaeus aztecus) 
from the Gulf of Mexico were made during the 1968 
shrimping season. The shrimp were taken from live 
shrimp boxes in an unexercised and well nurished 
condition, and killed immediately after removal from the 
water to prevent ante-mortem stress.
The changes in adenosine triphosphate (ATP), 
adenosine diphosphate (ADP), adenosine monophosphate 
(AMP), inosine monophosphate (IMP), inosine (Ino), and 
hypoxanthine (Hx) were determined by using polyethylene- 
imine cellulose on thin-layer chromatograms. The 
separations were achieved with two separate developments. 
The first development used distilled water and the second 
development involved a gradien elution of increasing 
concentrations of lithium chloride. . Glycogen, lactic 
acid, and orthophosphate were determined by colorimetric 
methods of analysis. The pH was measured with an expanded 
scale pH meter. The various measurements were conducted 
immediately after slaughter and after 6, 12, 24, 48, 7?, 
96, 168, and 240 hr of ice-pack storage.
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The degradation of ATP in the tissues of unexercised 
shrimp followed the route:
ATP to ADP to AMP to IMP to Ino to Hx 
Adenosine triphosphate, the predominate nucleotide at the 
time of death decreased rapidly from 6.1 pmole per g of 
tissue to 1 .2 1 >unole within 48 hr post-mortem. 
Decomposition continued during the remainder of the 
storage period but at a slower rate. After 7 days of 
storage the presence of ATP was undetectable. Adenosine 
triphosphate was dephosphorylated and deaminated to IMP, 
followed by the gradual dephosphorylation of IMP to 
inosine which was degraded to hypoxanthine, the 
predominate purine after 10 days of ice-storage.
Adenosine diphosphate underwent gradual 
decomposition from an original content of 1.72 umole per 
g of tissue to 0.28 jumole at 4 days of storage. The 
level of AMP remained virtuall constant near 0,65 >imole 
per g of tissue during the entire storage period.
Inosine monophosphate increased slightly from an initial 
value of 4.30vpmole per g of tissue to 5*27 jumole after 
4 days of storage, then a gradual decrease in 
concentration occurred until a concentration of 2.89 
j^imole was reached at 10 days. Inosine appeared within 
24 hr and increased from a concentration of 0.95 >imole
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per g of tissue to 5*22 ^ mole at 10 days of storage". 
Hypoxanthine was detected after 48 hr of storage and by 
10 days its concentration was 4.52 ^imole per g of tissue. 
Hypoxanthine appeared that it may possibly be an useful 
quality index for ice-storage shrimp.
The thin-layer chromatographic procedure used in 
this study proved to be a rapid and reliable method of 
nucleotide estimation. It has the advantage of not 
requiring a high sample concentration and expensive 
equipment as the conventional column chromatograhpy.
Glycogen decreased from loO mg per 100 g of tissue 
to 70 mg within 10 days of storage. Concomitant with 
the decrease in glycogen was an increase in lactic acid 
from loO mg per 100 g of tissue initially to 370 mg 
after 10 days of storage.
The pH rose from 7-39 initially to 8.17 by the 
tenth day of storage. No decrease in muscle pH was 
observed at any period in the experiment. The absence 
of an initial post-mortem drop in pH is unique when 
compared to other meat animals.
Orthophosphate degraded from 3079 >*g per 100 g of 
tissue to 725 after 10 days of storage. This 
unanticipated decrease is not explained.
x
The shrimp muscle did not stiffen during the 
post-mortem storage period, hence it is impossible to 
predict the onset and duration of rigor physically, 
however, if rigor is biochemically defined to be the 
absence of ATP in the tissues, rigor was perhaps 
attained by approximately U8 hr post-mortem.
xi
INTRODUCTION
Researchers today are aware that the term "rigor 
mortis" describes physical changes in the structural 
proteins of muscle fibers concomitant with a sequence 
of changes occurring in stored carbohydrates, phos- 
phagenes, and nucleotides in the muscle. These changes 
follow the general law of entropy-increase in a system 
where no energy is supplied from the outside.
For many years the effects of rigor mortis on 
sensory quality in beef, pork, and poultry have been 
considered. It was found that if the meat was consumed 
before rigor had subsided, it was extremely tough. If 
meat was frozen prior to rigor it underwent post-thaw 
rigor with excessive leaching. On the other hand, if 
the meat vras allowed to pass through the full course of 
rigor before consumption or processing, it was more 
tender and flavorful. The crudeness of the physical 
aspects of this phenomenon as evaluation criteria en­
couraged research on the associated chemical changes in 
an effort to ascertain means whereby rigor mortis may be 
defined more objectively and precisely.
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2There have been many investigations on the bio­
chemical changes occurring in red meat and poultry 
during rigor mortis as these products comprise the 
majority of animal protein in the American diet. Re­
cently considerable research interest has been devoted 
to rigor in fish muscle as fish is increasing in dietary 
prominence. The widespread use of on-ship-board machine- 
filleting of fish is confronted with the problem of 
rigor-mortis in two respects: if the fish are not pro­
cessed immediately upon landing they stiffen and bend 
and are difficult to fillet mechanically; whereas, if 
the fish are filleted and frozen before undergoing rigor 
they show excessive toughening and water loss.
Studies on rigor in crustaceans have received little 
attention. As processes for rapid freezing of shellfish 
on fishing boats are being proposed, a better under­
standing of the post-mortem changes in these species 
would be helpful in maximizing sensory quality.
Another important advantage in characterizing the 
post-mortem biochemical changes associated with rigor 
mortis in fish and shellfish is the possibility of 
establishing relationships between degradation compounds 
in the muscle and quality of the product during storage. 
This applies particularly to some of the nucleotides and 
their derivitives. Some, such as inosine monophosphate,
3are reportedly important sources of flavor in seafoods 
whereas some, such as inosine and hypoxanthine, impart 
hitterness. Hypoxanthine accumulation has been closely 
correlated with post-mortem storage time in several 
commercial types of fish. Glycogen degradation to lac­
tic acid has also received considerable attention since 
the post-mortem pH of several marine species has been 
found to be associated with excessive drip and imparting 
chalkiness in the meat.
The few studies that have been conducted on shrimp 
and other shellfish all employed commercially-caught 
shrimp which had undergone severe muscular activity 
before death and were at least ^8 to 72 hr old. Until 
this time there has been no study on the post-mortem 
changes in nucleotides and glycogen and their deriva­
tives, the commonly-used reference compounds for rigor 
mortis in animal flesh, in well nourished, unexercised 
shrimp muscle measured at close time intervals post­
mortem.
This study was conducted to elucidate the post­
mortem degradation patterns of adenosine triphosphate 
and glycogen and the accompanying changes in muscle pH 
in nonstressed shrimp from the Gulf of Mexico. Thin- 
layer chromatography was used for separation of the 
nucleotides with subsequent elution and spectrophotometric
v
4analysis for quantitative determinations. Glycogen and 
lactic acid were measured with modified colorimetric 
techniques. These data were used to compare post­
mortem degradative pathways in shrimp with those in 
other marine and terrestrial animals, to provide a 
meaningful biochemical definition of rigor mortis in 
shrimp muscle, and to ascertain the possibility of some 
of these degradation products being used as quality 
indexes in low-temperature-stored shrimp.
REVIEW OF LITERATURE
I . Nucleotide Degradation
The chemical and physical reactions that occur 
in muscle post-mortem, investigated in rabbit and 
pork by Bate-Smith and Bendall (10, 11, 12, 13) and 
by Erdos (^1), showed that the chemical event 
closely linked with the onset of rigor mortis is the 
disappearance of adenosine triphosphate (ATP). In 
living, respiring muscle, a high level of ATP is 
maintained by oxidation of organic compounds. When 
the animal dies and oxygen is no longer available to 
the cells, ATP, along with creatine phosphate and 
arginine phosphate - reservoirs of phosphate bond 
energy in vertebrates and invertebrates respectively, 
can no longer be maintained by anaerobic glycolysis 
(77). As the ATP concentration decreases rapidly, 
the muslce passes into rigor mortis, a state 
characterized by a sharp increase in the modulus of 
elasticity of the muscles followed by the develop­
ment of a rigid, non-plastic texture.
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6A. Terrestrial Vertebrates The degradation 
of ATP in chickens and pigs was studied by Terasaki 
et a l . (111). The pathway of degradation revealed 
by their research is as follows:
adenosine triphosphate (ATP) to adenosine 
diphosphate (ADP) to adenosine monophosphate 
(AMP) to inosine monophosphate (IMP) to 
inosine (Ino) to hypoxanthine (Hx)
The time and amount of ATP degraded to the inter­
mediate decomposition compounds in the muscle was 
varied according to animal species and method of 
slaughter. Chickens slaughtered with a minimum of 
struggling contained 8 ^ pmole of ATP per g of tissue. 
This level decreased to less than 1 ^mole after 8 hr 
of storage at 4°C. Adenosine diphosphate and AMP 
remained relatively constant at 1 ^ mole per g through­
out the storage period. Inosine monophosphate in­
creased from less than 1 umole at zero hr to almost 
8 ^ pmole within 8 hr after death and within 48 hr 
hypoxanthine increased from 1 to 5 ^ mole per g. If 
the animal was allowed to struggle, the levels of 
ADP, AMP, and ATP remained relatively constant near 
1 ^pmole per g of tissue up to 8 days of storage at 
4°C. The largest change was recorded in IMP and 
hypoxanthine. The initial level of IMP was 7 umole
/ 7
per g of tissue and the level decreased to 3 )imole 
during the 8 days of storage. On the other hand, 
hypoxanthine increased from 1 ^ imole per g to 4 
^lmole during the same storage period. Similar 
results were found in pork muscle except the initial 
concentration of nucleotides was approximately 1 to 
2 ^ imole higher per g of tissue (15* l6* 20).
Laboratory research conducted by DeFremey et^  a l . 
(34, 35)* Bendall et_ aL. (15* 16), and Bodwell et a l . 
(20) on pigs and chickens confirmed the results 
obtained by Terasaki (111). They also found that 
the amount of nucleotides present in the tissue 
varied among animals and that animals allowed to 
struggle during slaughter had lower levels of ATP, 
ADP, and AMP and high levels of IMP, inosine, and 
hypoxanthine than animals limited in their movement 
before slaughter.
Reports published by Bodwell et^  a^ l. (19) and 
Busch et_ al. (27) on bovine muscle showed that the 
concentrations and degradation pathways of nucleo­
tides in beef vrere similar to those reported for 
pork and chicken.
B. Marine Vertebrates Tarr (107) reported 
that except in unusual circumstances ATP is rapidly 
degraded in fish muscles post-mortem by the same
8series of reactions as is found in terrestrial 
vertebrates.
Kobayashi (65) introduced the following infor­
mation on the acid-soluble nucleotides of fish 
muscle: 1) the major nucleotides ATP, ADP, AMP, and
IMP vary in concentration among fish and among 
muscles depending on the condition of the fish be­
fore slaughter; 2) the degradation pathway of nucleo­
tides in fish muscle is the same as that reported 
by Tarr (107):
ATP to ADP to AMP to IMP to Ino to Hx 
He also found that the speed of degradation changes 
according to the storage temperature, the kind of 
fish, the kind of muscle, and the condition of the 
fish before slaughter.
Shewan and Jones (102) studied the breakdovm of 
ATP in fresh-water fish, particularly the inter­
mediate steps, using ion-exchange chromatography. 
They found that another pathway occurred in addition 
to the one reported by Tarr (107). This procedure 
was different in the order of deamination of adeno-' 
sine compounds. The degradation scheme was as 
follows:
ATP to ADP to AMP to adenosine (Ad) to Ino 
to Hx
9Jones and Murray (58) using a Dowex 1 X 8  
column concluded that the general picture of the 
nucleotide separation from codling muscle was simi­
lar to that of mammalian and other fish tissues.
The initial concentration of ATP in rested muscle 
was 5*^3>imole per g of tissue whereas severe exer­
cise immediately prior to death lowered the concen­
tration to 0.26^imole. The ADP content ranged from 
5.67 ^ ^mole per g in rested tissue to 0.^3 ^ pmole in 
exhausted muscle. Adenosine monophosphate was found 
to be a minor constituent in the muscle immediately 
subsequent to death in rested muscle. The values 
were O .69 ^ mole per g in rested and 0.57 ^ imole in 
exhausted muscle.
Nucleotides from several species of fish which 
were exercised at the time of death were separated 
with ion-exchange chromatography, Dowex 1 X 8, by 
Kassemsarn et ai. (63). Their results indicated 
that the muscle of haddock, lemon, and sole which 
were caught by trawl contained little ATP, less than 
1 >imole per g of tissue, and much IMP, 6.5>imole per 
g, 4.5^pmole per g, and 3 .89Jmole per g, respectively, 
at death. Adenosine triphosphate, ADP, and AMP de­
creased rapidly after the fish died. Inosine mono­
phosphate decreased in the muscle more slovfly, with
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liberation of inosine, which was in turn degraded 
to hypoxanthine.
Jones and Murray (60) passed extracts from 
exercised cod fish through a Dowex 1 X 8  column to 
obtain nucleotide separation. The nucleotides pre­
sent in the extract were nicotinamide adenine 
dinucleotide (NAD), AMP, ADP, ATP, and IMP. Other 
minor components contributed less than 5$ (molar 
basis) of the total nucleotides. The cod muscle 
contained little ATP, 0.2 ^ pmole per g of tissue, 
and much IMP, 5*0^imole per g, at death. The ATP 
remaining in the muscle was rapidly converted to 
IMP during chill stroage at 0°C.
In a similar experiment, Jones and Murray (59) 
measured the changes in the acid-soluble nucleotides 
In muscles of pre-mortem, rested and exhausted cod 
during passage through rigor-mortis. In the muscles 
from both rested and exhausted fish full rigor 
developed, as measured by observed stiffening, when 
the ATP concentration fell to about 0.l8^mole per 
g of ti ssue. This level is low when compared with 
the data on mammalian muscle. Pull rigor in 
mammalian flesh was concomitant with 2.0 to 2.5 
^imole of ATP per g of tissue (19). After the 
resolution of rigor in the fish, the concentration
11
of ATP, ADP, AMP, and NAD became stable. The stable 
level of ADP was higher in rested muscle than in the 
exhausted muscle whereas ATP and AMP levels were 
lower. The stable NAD level was nearly the same in 
both samples. The lower level of ATP and AMP that 
occurred in the muscle of exhausted fish than in 
unexercised fish was due to the effect of post­
mortem pH. The degradation of ATP is dependent on 
the muscle myokinase which is optimally active at 
pH 7*5* Rested fish had a pH of 6.3 whereas the pH 
of exhausted fish was 6.8.
Murray and Jones (73) fed cod for b weeks in an 
aquarium before death to prevent the animals from 
being subjected to the severe muscular activity they 
undergo when trawled. They discovered that during 
storage at 0°C ATP fell rapidly during the first day, 
from 5*3^ ;imole per g of tissue to 0.11 ^mole per g, 
and slowly thereafter to O.O^^mole at 6 to 8 days 
where it remained relatively constant. Inosine 
monophosphate, produced by the dephosphorylation and 
deamination of ATP, increased from 1.2o^imole per g 
of tissue to b .3b jimole per g at 2b hr then degraded 
steadily to inosine, to 0.59 ^ -^ole per g at 8 days. 
Adenosine monophosphate decreased from 0.59 jimole 
per g to 0 .19^mole per g in 2b hr then stabilized
12
at 0.04, ^unole per g at 5 days. Adenosine diphos­
phate increased from O .58 ^ lmole per g initially to 
0.64 jamoles after 24 hr then decreased to a rather 
constant 0.20^imoles after 7 days. The rate of IMP 
removal was similar to that in muscle from exhausted 
animals but the changes In adenine nucleotides were 
markedly different in the final "stable" stages.
Similar results were reported by Fraser et al. 
(47) in refrigerated cod. In 8 samples of a 
aquarium-held cod the Initial ATP content ranged 
from 27 to 40 mg of phosphorus per 100 g of muscle. 
This corresponds to an average of 5*2 ^imole of ATP 
per g which compares favorably with the value of 
Murray and Jones (73) above. They also found that 
during the pre-rigor period the ATP disappeared 
rapidly and the process occurred more quickly at 
higher temperatures. At 0°C storage the level of 
ATP changed from 10 ^ lmole per g of tissue to less 
than 2.5 jamoles in 30 hr, at 9°C the level was re­
duced to an Immeasurable quantity within 24 hr, and 
at 25°C ATP was undetectable after 3 hr.
Fraser et_ al_. (43) Investigated the rate and 
extent of post-mortem nucleotide degradation of 
unexercised cod using anion-exchange chromatography 
on 0.5 mm layers of polyethyleneimine cellulose
13
applied to plastic sheets. Adenosine triphosphate, 
the predominate nucleotide found at death, underwent 
rapid dephosphorylation and deamination within 24 hr 
to form IMP which increased in concentration to 
about 5 ^pmole per g of tissue at 3 days. Subse­
quently, IMP was dephosphorylated with peak levels 
of inosine attained at 4 days and maintained to 9 
days. Degradation of Inosine to hypoxanthine fol­
lowed, with accumulation of the latter to 5»5 9-iniole 
per g between 7 and 11 days. The maximum level of 
hypoxanthine was reached somewhat earlier than the 
lo days reported for cod by Jones (56)• The absence 
of spots on the thin-layer chromatogram in the 
positions of NAD and AMP indicated that these 
nucleotides were not present in relaxed cod muscle 
in amounts greater than 0.2^imole per g during the 
post-mortem period.
Tomiyama et_ al. (113) studied the changes in 
nucleotides in carp muscle during chill storage 
using a column of Dowex 1 X 2 to obtain the separa­
tions. Adenosine triphosphate decreased from a 
concentration of 4^pmole per g to essentially zero 
within 2 days after slaughter while stored at 0°C. 
The levels of ADP and AMP remained relatively 
constant throughout the storage period at
14
approximately 1 jomole per g. The amount of IMP 
reached the maximum level, 5-5 <pmole per g at 2^1 hr 
after slaughter. The concentration remained near 
5.5^iniole for 3 days without appreciable change. 
Following days of storage, however, IMP declined 
rapidly. The combined concentration of inosine and 
hypoxanthine increased rapidly from value of zero 
to a maximum of 6.9/Lmole at 14 days of storage.
Saito and Arai (97, 9^) employed a column 
Amberlite IRA-400 to investigate the muscular 
nucleotides of carp during freezing and storage at 
4 different temperatures. When carp muscle was held 
at l6°C, ATP and ADP were broken down quickly and a 
large number of decomposed adenine and adenosine 
compounds accumulated. At 0°C the changes in amounts 
of ATP and ADP were comparatively slow and the main 
decomposition compound was AMP. When the muscles 
were held at -8°C for 6 hr, the contents of ATP and 
ADP decreased markedly and the decomposition pro­
ducts appeared in the fraction considered to be 
primarily IMP and/or AMP. When the muscles were 
frozen instantly in liquid air, the contents of ATP 
and AMP exhibited almost no change.
Tomiyama et_ sQ. (112) demonstrated that the 
degradation pattern of various nucleotides in the
15
muscle of wrasse kept at 0°C was somewhat different 
from that of carp. Using a column of Dowex 1 X 2  
they found the ATP concentration to decrease rapid­
ly as compared to that of carp. Complete degrada­
tion of ATP occurred* from 3*0 umole per g to zero, 
during a 3 hr period after slaughter. This corre­
sponds to 1/20 to 1/30 of the time required for ATP 
degradation in carp muscle. They noted that the 
level of ADP and AMP remained relatively constant 
at 1.5/imole per g during the entire storage period. 
Only a small difference v:as noted between wrasse and 
carp muscle in the time required to accumulate the 
maximum amount of IMP which was S.O^^imole per g 
after 2 days of storage. A large difference occurred 
In the rate and amount of inosine and hypxanthine 
found. In wrasse these compounds Increased slightly 
during the first hours of storage and increased 
rapidly to a concentration of 2.5^mole per g at 7 
days of storage. This level was considerably lower 
than that found in cod.
Fujii at al_. (50) and Ehira and Anekav.-a (40) 
examined the chromatographed extracts of plaice 
muscle on a column of Dowex 1 X 8 .  They found that 
during the first  ^ days of ice-storage a rapid 
decrease in ATP and ADP from 3*5 ^ ntnole per g to less
16
than 0.5 ^imole in 2 days corresponded to a rapid 
increase in IMP from 2.5 ^ imole per g to lO.O^imole 
after 4 days of storage. Daring the following 5 
days, IMP decreased slowly, and inosine and hypo­
xanthine increased correspondingly. Subsequently, 
a rapid decrease of IMP and accompanying increase 
of inosine and hypoxanthine began.
Dyer et_ aT. (39) investigated the nucleotide 
degradation of commercially-caught swordfish with a 
column of Dowex 1 X 8 .  Inosine monophosphate, 
initially the predominate nucleotide, 5*2^imole per 
g, was dephosphorylated to inosine during 19 days of 
storage at 0°C. Hypoxanthine increased very slowly 
to about 1 umole per g during the 19 days. The 
lack of a larger quantity of ATP was attributed to 
the commercial fishing methods where the animals 
underwent severe muscular activity before death. 
These results were similar to those obtained by 
Fraser (4'6) on mackerel muscle. By the time the 
first sample was removed from the muscle for analy­
sis, adenine nucleotides had been deaminated to IMP 
in the ordinary white muscle; whereas, in the red 
muscle the degradation sequence was even more 
advanced as indicated by high initial levels of 
inosine. Post-mortem rates of degradation of IMP to
17
hypoxanthine through inosine were similar in both 
types of muscle. At ice temperatures these rates in 
mackerel were slower than in cod but faster than in 
swordfish.
Spinelli (103) examined the nucleotides of 
commercially-caught halibut using Dowex 1 X 8  
columns as a means of separation. Adenosine tri­
phosphate and ADP dephosphorylation and AMP dea­
mination proceeded very rapidly since only trace 
amounts of these compounds remained after cleaning 
and preparing the fish for analysis. However, de­
phosphorylation of IMP was comparatively slow. 
Approximately 2.0 ^mole per g of inosine was found 
in halibut stored on ice for 21 days and O.^^niole 
was found in some of the halibut after 41 days. 
Hypoxanthine increased slowly to 3'O^mole per g at 
21 days. This level was lower than that usually 
found in other fish species.
C. Marine Invertebrates Aral (4) follov.’ed 
the degradation of ATP, AMP, IMP, adenosine, and 
inosine in crude extracts with isotonic potassium 
chloride of muscle from squid, octopus, scallop, 
clam, crab, squill, and prawn?.. He concluded that 
the major pathway of ATP degradation in marine verte­
brates proceeds as follows:
18
ATP to ADP to AMP to AD to Ino to Hx 
He also noted a small degree of adenylic acid 
deaminase activity in some crustaceans.
Porter (82) studied the acid-soluble nucleo­
tides in rested and exhausted king crab muscle using 
Dowex 1 X 8 and polyethyleneimine cellulose anion- 
exchanger thin-layer plates 0.5 mm thick. The pre­
dominate nucleotide in the rested crab muscle at 
death was ATP. Depending on the section of the crab 
from which the ATP was isolated, the amount of ATP 
ranged from 3*1 ^ mole per g of tissue to 3 -8 ^omole 
per g. Very little IMP was found in any of the 
other sections studied except the claw and merus.
In each section, the IMP level was less than 0.1 
^imole per g. The total quantity of nucleotide in 
the sections averaged 3*^7 ^ hmole. This was con­
siderably less than that reported for most other 
species of marine animals. In severely exhausted 
king crab the ATP in the freshly-slaughtered flesh 
was completely depleted as expected and only a 
small amount of ADP was observed, 0.2^imole per g 
of tissue. The largest single nucleotide pool was 
in the form of AMP, 0.9 9mole per g. Inosine mono­
phosphate accumulated only to a limited degree 
during severe ante-mortem exhaustion of king crab,
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0.4^imole per g. This study did not include an 
investigation of post-mortem nucleotide contents at 
times other than immediately after death.
The pathway of ATP degradation in marine in­
vertebrates reported by Arai (4) above was confirmed 
by Saito et slL. (99) and Arai (5) using extracts of 
squid muscle and Arai (6 ) utilizing crude enzyme 
extracts of scallop and abalone.
Dingle ejt al. (37) used thin-layer chromato­
grams of polyethyleneimine cellulose to determine 
the post-mortem degradation of adenine nucleotide in 
the tail muscle of the American -lobster. The 
degradation pathway followed the route:
ATP to ADP to AMP to IMP to Ino to Hx 
Potassium chloride extracts of the tail muscle also 
degraded ATP by this route. This indicated that 
the post-mortem degradation of nucleotides in lob­
ster muscle followed the same pathway as in muscles 
of fish and higher vertebrates but not that of the 
marine invertebrates as proposed by Arai. Moreover, 
they found no detectable amount of adenosine amino- 
hydrolase activity in muscle extracts. In this 
respect the lobster differs from some other inverte­
brates which employ this enzyme to deaminate adeno­
sine rather than adenosine monophosphate
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aminohydrolase which converts AMP to IMP.
Arai (6 ) conducted research on ATP degradation 
in the prawn (Pandalus hypsinotus), a marine inverte­
brate similar to the shrimp, with crude muscle 
enzyme extracts and found the main pathway of degra­
dation to be the following:
ATP to ADP to AMP to Ad to Ino to Hx
Nakajima e^ t al^ (76) obtained perchloric acid 
extracts from freshly-caught prawns and squid and 
determined the nucleotide content for the muscles 
by ion-exchange chromatography. Squid and prawns 
contained ATP in amounts 3*1 to .5*9^mole per g of 
tissue. Hypoxanthine, inosine, and ADP were also 
found but the quantity in which they occurred was 
not stated. The tissues contained no AMP. Prawns 
contained small amounts of AMP, 0.3^-mole per g, 
and large amounts of ATP and ADP, 11.8^imole per g 
and 2.kjimole per g, respectively. If other 
nucleotides were present in the fresh prawn their 
concentration was too low to be detected.
Tarr and Comer (109) extracted the nucleotides 
from commercially-caught pink shrimp (Pandalus 
borealis) and subjected the extract to ion-exchange 
chromatography on Dowex 50 X A. Their qualitative 
study revealed the presence of AMP, IMP, and inosine.
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No other nucleotides were found. The presence of 
IMP in shrimp is not In agreement with the findings 
of the Japanese researchers with prawns.
D. Analytical Separation The analytical 
separation and quantitative identification of these 
compounds is of great Importance if an accurate 
picture of the biochemical changes occurring In 
nucleotide concentration during rigor mortis is to 
be elucidated. It was clearly shown by Cohn and his 
collaborators (31, 32) that for preparative separa­
tion of nucleic acid derivatives, ion-exchange 
column chromatography on polystyrene resins was an 
excellent method. However, no effective analytical 
ion-exchange technique as known by which nucleotides 
in trace quantities of 0.03 - 1 -0 ^ig could be sepa­
rated and Identified. Partition paper chromatography 
and paper electrophoresis (62, 123) are applicable 
in case of such .small amounts. However, because 
these methods give less sharp resolutions than ion- 
exchange column chromatography, they cannot be used 
to analyse very complex nucleotide mixtures from 
bacteria, plant, or animal cells (84, 87). The time 
required for paper chromatography and paper electro­
phoresis is longer than for ion-exchange chroma­
tography. Finally, ion-exchange chromatography can
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be carried out under temperature conditions as low 
as 0°C which provides for better preservation of the 
nucleotides.
There are two basic methods of achieving separa­
tion using ion-exchange chromatography: column
chromatography and thin-layer chromatography. Thin- 
layer chromatography is less laborious and requires 
less materials and equipment than column chroma­
tography and the precision is quite suitable for 
most micropreparative separations (88). Most column 
methods require 50 ^ ig to several hundred mg of 
sample per column whereas the average thin-layer 
chromatograph requires 0.2 - 30 ^ ig per spot. The 
time required for column chromatography ranges from 
several hours to 10 days while for thin-layer 
chromatography the time required is several minutes 
to 3 hr. Both methods, however, result in equal 
sharpness of resolution and give nearly identical 
elution patterns at the same pH.
The separation of nucleic acids and nucleotides 
have been achieved on the follo\ving stationary 
phases:
1. Silica gel layers
2. Cellulose
3. Modified cellulose
a) diethylaminoethyl cellulose (DEAE)
b ) eplchlorohydrintriethanolamine 
cellulose (ECTEOLA)
c) polyethyleneimine cellulose (PEI)
d) polyphosphate cellulose
4. Sephedex
Extremely good separations of nucleosides, 
nucleotides, and nitrogen bases have been achieved 
on layers of modified cellulose (85, 89, 90, 91, 94, 
105). Cellulose ion-exchangers intended for column 
chromatography (80) are not directly suitable for 
thin-layer chromatography because their particle 
size is too large. In most cases mechanical disin­
tegration Is not sufficient as products prepared in 
this manner often have high swelling power and poor 
adhesion to glass which preclude their use in thin- 
layer chromatography.
As shown by Randerath (83), cellulose lon- 
exchanger materials can be prepared by treating 
unmodified or modified celluloses with high-molecu- 
lar-weight basic or acidic compounds. Anion-ex- 
changer materials which give especially sharp 
separations in thin-layer chromatography are 
obtained by impregnation with polyethyleneimine, 
molecular weight 30,000 - 40,000, which is fixed
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substantively on cellulose fibers (83, 92, 86, 87).
Randerath and Randerath (88) have examined more 
fully the various polyethyleneimine cellulose pre­
parations and found that 0.5 mm thick layers have a 
capacity of approximately 1.5 milliequivalents of 
nitrogen per g of cellulose. If the layers are pre­
pared from undialyzed polyethyleneimine solutions 
they have a lower capacity of nitrogen of 0.7 - 0.8 
milliequivalents per g of cellulose.
Randerath and Randerath (84) using various con­
centrations of lithium chloride and formic acid- 
sodium borate buffers with a gradient elution tech­
nique in a two-dimensional anion-exchange thin- 
layer chromatogram on 0.5 mm-thick polyethyleneimine 
cellulose layers, have separated 23 ribonucleotides 
present in quantities of 10 to 15 umoles each in 0.1 
ml of sample.
II. Glycogen Degradation
A. Terrestrial Vertebrates Briskey et a l .
(22, 23, 24) studied the rate of glycolysis in pork 
muscle and found that the pH decreased from 6.7 to
5.2 2ithin 18 hr after slaughter while stored at 
4°C, glycogen decreased from 7.0 mg per g of tissue 
to 1.0 mg per g, and lactic acid increased from 
0 . 6/o to 1 . Ofo.
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Bendall et^  e l I .  (16) correlated the post-mortem 
changes In pH and lactic acid in Landrace pigs. The 
pH changed from 6.5 15 rain after death to 5-5 after
270 min. During this time the lactic acid concen­
tration increased from 35 to 125 ^ imole per g of 
tissue. The amount of lactic acid produced per unit 
change in pH was found to be 5^ ^ lmole per g per pH 
unit.
Hamoir (52) listed the following values for 
glycogen content of muscle: ox 1.1$, sheep 0.7$,
rabbit 0.8 to 1.5$* seal 0 .7.to 1 .3$, and dolphin, 
stressed 2b hr, 0 .98$.
DeFremery (3^) analyzed glycogen decomposition 
in chicken muscle stored at 13°C. Glycogen de­
creased from an original value at death of 5*2 mg 
per g of muscle (0.52$) to 0.8 mg (0 .08$) within 
5 hr.
B. Marine Vertebrates There is now abundant 
evidence that lactic acid is formed in fish muscles 
by the same sequence of enzymic reactions that is 
operative in mammalian muscles, viz., the Embden- 
Meyerhof glycolytic pathway. It has also been found 
that glycogen is also broken down by an amylolytic 
route. While studying sugars and sugar phosphates 
in fish muscles, Jones (55)* Burt and Jones (26),
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and Tarr and Leroux (110) observed maltose and dex- 
trins in addition to glucose. The latter observed 
that radioactive glycogen when introduced into 
ground-fish muscle post-mortem yielded radioactive 
glucose, maltose, and what was presumably dextrin(s). 
Andreev (3) prepared a dialyzed extract of fish 
muscle which hydrolyzed maltose as determined by the 
appearance of reducing sugars, and when heated did 
not. The maltase enzyme was less stable than 
amylase (2 ) and was found to occur in several dif­
ferent species of fish.
Tarr (108) investigated the post-mortem degra­
dation of glycogen in exhausted fish muscles stored 
at 0 - 5°C by use of radioactive substrates. Glyco­
gen was found to be degraded by both the hydrolytic 
(amylolytic) and phosphorlytic (Embden-Meyerhof) 
pathways. Though lactate and glucose usually pre­
dominated, dextrins (or non-degraded substrate), 
maltose, glucose 6-phosphate, hexose diphosphate, 
ribose 5-phosphate, and ribose were also recovered.
Bur (25) studied several of the glycogenolytic 
enzymes of cod muscle and concluded that the amylo­
lytic route accounted for the greater portion of 
glycogen degradation post-mortem. This view is 
also shared by Tarr (106) and Nagayama (75).
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Collected data have indicated that the glyco­
gen content is considerably lower in fish muscles 
than in mammalian muscles. However, the procedures 
used to capture fish almost invariably involve 
excessive struggling; hence, the glycogen content 
in the ilesh of the fish at the time of death would 
be low. Tomlinson and Geiger (116) pointed out that 
many species of fish under non-stressful ante-mortem 
conditions have a muscle glycogen content which 
compares favorably with that of warm-blooded animals.
. The occurrence of glycogen in fish muscle was 
first investigated by Dill (36) who found that the 
percent of glycogen in the edible portion of fish 
varied from 0.17 to 0 .50$.
MacLeod and Simpson (66) determined the glyco­
gen and lactic acid concentration of fresh fish 
caught by hand line and trawl. The values were low 
and ranged from 0.04 to 0.48$ of the muscle. How­
ever, values for lactic acid varied from 0.24 to
0.48$ which suggests a possible loss of glycogen 
during the struggle involved in catching and killing.
MacPherson (67) reported initial glycogen 
values of 0.44 to 0.54$ for haddock. Sharp (101) 
found values of 0.60 to 0 .85$ for the same species.
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Amano (1) reported 0.6# glycogen in hand-lined 
mackerel killed immediately after landing. In these 
fish, considerable differences were found in glyco­
gen content among different muscles in the fish with 
a range of O .38 to O.65#. In all the fish examined, 
the glycogen content decreased and lactic acid 
increased markedly. Those which were allowed to 
struggle before death contained 110 mg of glycogen 
per 100 g of sample (0 .11#) whereas those killed 
immediately after landing contained 340 mg (0.34#).
Tsuchiya and Kunii (121) reported a wide range 
of initial values for lactic acid in the white 
muscles of several species of fish, varying from a 
low of 0.03# in flatfish through values such as 0.14 
to 0.27#, respectively in Alaskan codfish and carp, 
to 0.49 to O.69# in sardines.
Considerable data on the effects of storage 
time and temperature on the concentration of glyco­
gen, lactic acid, and pH in cod have been pbulished 
by Fraser at al. (4^ 1, 45, ^7, 49). Samples stored 
at 0°C showed an initial glycogen concentration of 
145 mg per 100 g of tissue (0.145#) and lactic acid 
content of 115 mg (0.115#). After 30 hr the glyco­
gen content decreased rapidly v.'hile lactic acid 
increased. The rapid change in concentration of the
two components subsided after 48 hr. At this time 
the glycogen content was 10 mg per 100 g of tissue 
(0P.01%) and the lactic acid was slightly over 200 
mg (0.20%). During this time the pH fell from 7*5 
to 6.9* At a storage temperature of 9°C, glycogen 
disappeared within 12 hr as lactic acid increased 
to 190 mg per 100 g of tissue (0.19%)* At 25°C the 
glycogen content was immeasurable after 3 br and 
lactic acid had reached 190 mg per 100 g (0 .19%)* 
Interestingly, a similar linear relation between pH 
fall and lactate accumulation which exists for 
mammalian muscle where an increase of 5-85 mg of 
lactic acid per g reflected a decrease of 1 pH unit 
appears to hold true for the relaxed cod muscle 
where a value of 5*7 was reported by Fraser (43).
Black et_ al. (17) have shown that during 
relatively short periods of severe exercise forma­
tion of muscle lactic acid is inversely correlated 
with the decrease in muscle glycogen. His data 
indicated a glycogen content in unexercised haddock 
muscle in the order of 0.4 to 0.7%*
Tomlinson et_ al_. (114) studied the influence of 
the degree of exhaustion of fish at death and their 
subsequent ice-storage on lactic acid formation in 
trout, flounder, and sockeye. Trout originally
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contained 1.5$ lactic acid and increased to 4.2$ 
after 8o hr of ice-storage while the flounder values 
ranged from 0.04 to 0.19$. Salmon stored for 43 hr 
increased in lactic acid content from 0.05 to 0.07$.
Caillouet (28) reported lactic acid concentra­
tions in the blood of channel catfish at zero and 4 
min out of the water. Lactic acid increased from
3.3 nig per 100 ml of blood at the time the fish was 
removed from water to 7.2 mg after 4 min of 
struggling.
C. Marine Invertebrates Bailey et_ aJL. (8 ) 
examined lactic acid, glycogen, and pH as a method 
of evaluating quality in ice-stored shrimp. The 
shrimp were apparently in an exhausted condition 
from sturggling in the trawl-net before death. 
Glycogen increased from 25 mg per 100 g of tissue 
(0.025$) at 24 hr in ice-storage to 138 mg per 100 
g (0.025$) by 12 days of storage. No reason was 
given for the initial increase in glycogen that 
occurred. Lactic acid decreased rapidly from an 
initial concentration of 270 mg per 100 g of tissue 
(0 .270$) to 55 mg (0 .055$) by the 7th day of storage 
and remained relatively stable during the remainder 
of the storage period. During this period the pH 
increased from 7-19 to 8.2 by 20 days. The workers
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concluded that shrimp with a pH of 7*7 or below are 
of prime quality; those having values from 7*7 to 
7*95 are of poor quality but acceptable; and those 
having a pH of 7*95 or above are spoiled.
D. Analytical Methods The methods currently 
used for the determination of glycogen require that 
the tissues be extracted either with boiling 30$ 
potassium hydroxide solution or various concentra­
tions of trichloracetic acid. Glycogen is prec ipi- 
tated from the extract by alcohol and determined 
either by copper reduction after separation by 
centrifugation, acid hydrolysis, and neutralization 
(33j 51j 8l)i or, by direct treatment of the precip­
itated glycogen with anthrone reagent (18, 70, 100) 
or phenol-sulphuric acid reagent (69)* An alterna­
tive procedure is to destroy alkali-labile carbo­
hydrates by boiling with potassium hydroxide, then 
determine glycogen in the alkali-treated mixture 
with anthrone reagent (l8, 5^)*
There have been attempts to develop rapid tests 
for estimating glycogen content in tissue. These 
tests share one major error: they measure total
hexoses and pentoses along with the glycogen and 
consequently, make no distinction between glycogen 
and free sugars (122).
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Carroll et_ al_. (29) reported a method of glyco­
gen extraction on which was a modification of proce­
dures used by Roe (95* 96) for the determination of 
dextran and blood sugar. This procedure Isolated 
glycogen with only small amounts of hexoses and 
pentoses.
Fraser et al. (45) detected interference from 
significant amounts of non-glycogen carbohydrates 
in precipitates from glycogen. The major non-glyco- 
gen contaminant was found to be the nucleotides.
They recommended shaking the alcoholic solution 
which contained the nucleotides and glycogen with 
Dowex 1 (chloride form), as previously suggested by 
Jones and Murray (6l), to adsorb the nucleotides and 
prevent their co-precipitation.
Experiments conducted by Carroll e_t al. (30) on 
the purity of the alcoholic precipitates of glycogen 
recommended using a volume of ethanol 1.2 times the 
trichloroacetic acid muscle extract volume since 
higher concentrations were found to precipitate the 
non-glycogen carbohydrates. They demonstrated this 
by placing a portion of the precipitate in a section 
of VIsking cellophane tubing and dialyzing the con­
tents against distilled water. The glycogen's 
purity was established when no carbohydrates were
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found in the dialysate.
Ill. Orthophosphate
Orthophosphate is the inorganic phosphate 
liberated in the dephosphorylation of cellular 
nucleotides and sugar phosphates.
_ A. Terrestrial Vertebrates Bate-Smith and
Bendall (11) measured the change in orthophosphate 
in rabbit muscle after death. Within 448 min after 
death the orthophosphate level increased only 
slightly to 0.95 mg per g of tissue from its ori­
ginal value of 0.71 mg.
Bodwell et_ al. (19) reported the orthophosphate 
content of beef muscle immediately after slaughter 
was 22.1 uatoms per g of tissue and after 480 hr was 
35 *5 uatoms.
B. Marine Vertebrates Tomlinson et al. (114, 
115j 120) determined the inorganic phosphorus in 
several species of fish using a precipitant method 
of analysis. Sterile lingcod muscle stored in ice 
for 21 days increased in inorganic acid-soluble 
phosphorus content from 1435 per 100 g of (0.014
ntg/g) muscle, to 1920 ^ ig (0.019 mg/g). In rainbow
trout stored in Ice for 79 hr the values ranged from 
1.06 mg per g of muscle to 1.49 mg in unexercised
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muscle and from 1.79 mg per g of muscle to 1.87 mg 
in exhausted muscle. Under the same conditions, 
the values in unexercised flounder remained con­
stant at 0.97 mg per g of tissue while the exhausted 
muscle content increased from 1.09 to 1.12 mg. For 
unexercised salmon, the value rose to I .52 mg per g 
of tissue after an initial concentration of 1.07 mg. 
The content in the exhausted muscle increased from 
1.15 mg per g of tissue to a final value of 1.57 mg.
C. Marine Invertebrates While conducting 
quality studies on Gulf of Mexico shrimp, Bailey 
et al. (8 ) found that the orthophosphate level 
decreased from 660 mg per 100 g (6.60 mg/g) of tis­
sue to b00 mg (4.00 mg/g) at the end of lb days of 
ice-storage. These values are very high when com­
pared to other marine and land animals. The acid- 
soluble orthophosphate decreased very rapidly during 
the first 7 days- of storage and then less rapidly 
throughout the remainder of the storage period.
They described the decrease in orthophosphate as 
being due to a rapid leaching of the inorganic phos­
phate from the shrimp during the storage period.
D. Analytical Methods Most of the early 
methods of inorganic phosphorus analysis were based 
on the principle of bringing orthophosphate into an
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insoluble form after which it could be estimated 
gravimetrically or in an indirect way by analyzing 
its precipitating counterpart. Analyses conducted 
by these methods were very insensitive in compari­
son with recent methods using colorimetry.
Work by Briggs (21) showed that under proper 
acidity conditions molybdic acid would react with 
orthophosphate to produce a colored complex that 
could be quantitatively estimated spectrophoto- 
metrically.
One such test using this colorimetric principle 
was developed by Martin and Doty (58, 72). Recently, 
however, their test was found to have poor recovery 
and lack of reproducibility and stability by 
Mozersky et_ Etl. (71) whose method is superior in 
precision and accuracy, as well as sensitivity, to 
those tests presently available, and the reactants 
are stable for at least 48 hr.
EXPERIMENTAL PROCEDURE
The two principle varieties of shrimp that inhabit 
Louisiana's salt water lakes and bayous are the brown 
(Penaeus aztecus) and the white (Penaeus setiferus) 
shrimp. These shrimp resemble each other in physical 
appearance but their life-cycles are quite different in 
some respects. The brown shrimp migrate into inland 
waters about late April or early May with the white 
shrimp appearing in October. Unfortunately, premature 
cold weather, as well as tropical weather disturbances 
in the Gulf, affect the quantity of shrimp found in 
inland fishing waters. Because of the uncertainty of 
acquiring white shrimp throughout the shrimping season, 
only brown shrimp were used in this study.
I . Collecting and Handling of Samples
One deficiency found in almost all studies con­
cerning post-mortem biochemical characteristics of 
fish and shellfish muscles is that the samples are 
obtained from commercial fishing sources or in a
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similar manner and the animals are permitted to 
undergo severe exhaustion before death. Since this 
experiment concerned several compounds that probably 
undergo marked ante-mortem degradation during ani­
mal stress, commercial shrimping methods for col­
lecting the samples were not used in this study.
The shrimp were caught in bayou La Loutre, Saint 
Bernard Parish, Louisiana, by a local fisherman 
during the months of May, June, and July of the 1968 
shrimping season. A l6-ft trawl-net was used to 
catch the shrimp but the net was not allowed to 
remain in the water longer than 5 minutes. After 
the net was withdrawn from the water the shrimp 
were quickly placed in a flooded well in the bottom 
of the boat to prevent unnecessary struggling. The 
shrimp were then transported approximately 10 miles 
upstream and put into two 8 ft X 5 ft X 4 ft wooden 
boxes where they, were held from 2 to  ^ days after 
trawling. The shrimp were fed during captivity and 
fresh water was allowed to flow through the holding 
boxes.
The shrimp were removed from the boxes and 
immediately killed by removing their heads with a 
scissors. This method of slaughter was found to be 
the quickest and minimize stress in shrimp. Thirty
shrimp were placed in polyethylene "whirl-pack" 
bags and placed into a chest containing crushed ice. 
Those samples which were to be stored in ice-pack 
for the various time intervals were peeled and de- 
veined immediately after slaughter and frozen in a 
portable biostat containing liquid nitrogen. They 
were frozen within approximately 4 min after death.
The samples were transported to the Louisiana 
State University campus and stored in crushed ice or 
in a freezer at -20°C (after being removed from the 
liquid nitrogen). Samples were withdrawn from ice- 
storage after 6* 12* 24* 48* 72*. 96* 168* and 240 hr 
of storage, peeled* deveined, and frozen in liquid 
nitrogen and put in "whirl-pack" bags in the freezer 
until analyzed.
Four collections of shrimp were analyzed for 
glycogen* lactic acid, pH, and orthophosphate* and 
three collections were used for the nucleotide 
analysis. Duplicate samples were analyzed at each 
time interval during the storage periods.
All chemical reagents used during the course of 
this investigation were of reagent or analytical 
quality. Distilled and deionized water was used to 
make the appropriate dilutions of the necessary 
reagents and shrimp muscles.
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II. Nucleotide Analysis
A. Sample Extraction Two bags of 30 frozen
shrimp each were ground without thawing with a
kitchen hand grinder in the freezer at -20°C until 
the shrimp muscle was reduced to a fine powder. 
Extraction was conducted in a refrigerated room at 
approximately 3°C • A 60-g sample of the frozen 
shrimp was rapidly weighed and placed into 120 ml of 
ice-cold 0.6N perchloric acid and homogenized at 
high speed for 1 min in a Virtis 4-5 homogenizer at 
0°C. The homogenate was filtered through Whatman 
No. 42 filter paper. Since the extraction was about
90$ complete at this stage, the extraction was not
repeated in order to minimize the concentration of 
perchlorate ion which could interfere with the 
chromatogram (58).
The filtrate was immediately adjusted to a pH 
of 6.5 with a 30$ solution of potassium hydroxide to 
minimize decomposition of labile compounds (49).
The insoluble potassium perchlorate was precipitated 
as completely as possible by allowing it to stand at 
3°C for 30 min. The solution was decanted and the 
supernatant fluid was filtered with Whatman No. 42 
filter paper while at 3°C •
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B. Preparation of Plates One volume of poly- 
ethylenelmine cellulose (Gallard-Scklesinger poly- 
ethylenelmine thin-layer chromatography cellulose) 
was placed in a Virtis 45 flask with 6.5 volumes of 
water and the mixture was homogenized for 1 min 
(this commercial preparation was ready to use and 
did not have to be dialysed or washed prior to use). 
Subsequently, the mixture was poured into the thin- 
layer applicator and the plates were quickly coated. 
Approximately 0.5 mm-thick layers were prepared on
8 in X 8 in glass plates previously degreased by 
soaking in chromic acid solution overnight. In 
order to avoid edge effects the plates were separa­
ted from each other immediately after coating.
They were allowed to dry overnight on a horizontal 
support at room temperature.
C. Application of Sample The samples v:ere 
applied in quadruplicate with 20 i^l pipettes on a 
starting line 3*0 cm from the lower edge of the 
plate. A standard containing ATP, ADP, AMP, IMP, 
inosine, and hypoxanthine was applied to a point on 
the starting line with a 10 ^ il pipette. The stand­
ard mixture contained 10 mjamoles of each compound 
per 10 ^ il.
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D. Chromatogram Development Ascending 
chromatography was carried out in closed tanks 
filled with various solvents to a height of 0.7 to 
1.0 cm. The chromatogram was developed according 
to the procedure prescribed by Randerath and 
Randerath (88). Nucleotides cannot be resolved with 
only one solvent as the affinity of these compounds 
for the polyethyleneimine cellulose varies consider­
ably. The procedure used consisted of two develop­
ments in a single dimension:
First Development - The plate was developed in 
distilled water to 12 cm above the starting line 
(about 60 to 70 min), followed by drying in a cur­
rent of warm air at room temperature.
Second Development - The discontinuous, step­
wise procedure used for development comprised 3 
transfers of the plate without intermediate drying 
from one tank to- another containing higher lithium 
chloride concentrations. The plate was developed in 
the same direction with 0 .2M lithium chloride to 1 
cm above the starting line, 1.0M lithium chloride to 
4 cm, and 1.5M lithium chloride to 13 cm (about 70 
min).
The spots were located by viewing under ultra­
violet light and identified by comparison with the 
standard.►
k2
E. Elution of Spots A circle was drawn around 
each spot which was subsequently scraped off and 
placed in a small test tube containing 2 ml of 2 N 
hydrochloric acid. The mixture was allowed to stand 
18 hr then centrifuged and the supernatant decanted 
into a 1 cm quartz spectrophotometric cell for 
absorbance determination. The absorbance of ATP, ADP, 
AMP, IMP was measured with a Beckman DU spectrophoto­
meter at 259 njM wavelength while inosine and hypo- 
xanthine were determined at 2^9 mji. These wave­
lengths were recommended by Ratcliff and Follett (93) 
and Pabst Laboratories (78, 79) who measured the 
mmolar extinction coefficients of several nucleo­
tides in 2N hydrochloric acid.
Ill. Glycogen Degradation
A. Glycogen Determination Glycogen was meas­
ured by using a modification of the combined proce­
dures of Montgomery (69) and Carroll et_ al. (30). 
Fifty grams of the frozen, ground shrimp were placed 
into a Virtis ^5 blendor jar with 150 ml of 5/^  tri­
chloroacetic acid and blended at high speed for 1 
min at 23°C. The mixture was filtered with a 
Buchner funnel at reduced pressure. Two milliliters 
of the trichloroacetic acid filtrate were placed in 
a test tube and 10 ml of 955^  ethanol was added to
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precipitate the glycogen. The tubes were allowed 
to remain undisturbed for 48 hr at room temperature. 
After precipitation was complete the test tubes were 
centrifuged at 2,500 rpm and the clear liquid 
decanted from the precipitated glycogen. The glyco­
gen was dissolved in 2 ml of water and 0.1 ml of 
80# phenol was added followed by 0.5 ml of concen­
trated sulphuric acid. The absorbancy of the solu­
tion was measured at 489 ny in a Bausch and Lomb 
Spectronic 20 spectrophotometer after standing 30 
min at room temperature. The concentration was 
determined by means of a regression equation calcu­
lated from a standard curve.
B. Lactic Acid The lactic acid content was 
determined in the ground, frozen tail muscles by a 
slight modification of the method of Barker and 
Summerson (9)- The shrimp were homogenized with 20fo 
trichloroacetic acid instead of water so that large 
particle sizes of the denatured protein would occur 
and these could be removed easier by centrifugation 
than the smaller particles that would have been 
formed had the protein been precipitated after 
homogenization. From this point on the procedure of 
Barker and Summerson was followed directly. One 
milliliter of the protein-freed-filtrate was added
to a test tube with 1 ml of 20$ copper sulfate and 
8 ml of water. Approximately 1 g of powdered cal­
cium hydroxide was added and the mixture was allowed 
to stand for 1 hr with occasional shaking. The mix­
ture was centrifuged and 1 ml of the supernatant 
fluid was placed in a test tube with 0.5 ml of 4$ 
copper sulfate solution. Exactly 6 ml of concen­
trated sulfuric acid was added and the tube was 
placed upright In boiling water for 5 min. The 
tubes were removed from the boiling water and cooled 
below 20°C. Exactly 0.1 ml of an alkaline solution 
of p-hydroxyphenyl was added and dispersed thoroughly 
throughout the solution. The tubes were incubated 
for 30 min at 30°C then placed in boiling water for 
90 sec and cooled to room temperature with cool 
water. The colored solution was transferred to a 
Klett-Summerson photometer with a Klett No. 56 
filter. The concentration of lactic acid was deter­
mined by means of a regression equation calculated 
from a standard curve.
IV. pH Determination
Ten grams of peeled shrimp was placed in 90 ml 
of 0.005 M sodium iodoacetate solution (19) and 
homogenized for 2 min. The homogenate was placed in
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a "beaker and the pH determined at 23°C with a 
Corning expanded scale pH meter.
V . Orthopho sphat e
Orthophosphate was determined by the method of 
Mozersky et al. (71)* Ten grams of the frozen 
shrimp were homogenized in a Virtis 45 blendor at 
high speed for 2 min with 90 ml of water. After 
homogenizing 20 ml of the mixture was withdrawn and 
added to 20 ml of a sodium perchlorate solution to 
precipitate the protein. The mixture was allowed to 
stand for 10 min and filtered with Whatman No. 42 
filter paper. A 1/50 dilution was made with the 
filtrate in distilled water. One milliliter of the 
dilute solution was added to a test tube with a 
teflon-lined screw-cap along with 1 ml of acid- 
perchlorate reagent. Five milliliters of isobutanol- 
benzene and 1 ml of ammonium molybdate solution were 
added. The phases were mixed by shaking for 30 sec 
then separated by centrifuging at 2,500 rpm for 10 
min. A portion of the organic phase was pipetted 
into a 1 cm quartz spectrophotometric cell and the 
absorbance read at a wavelength of 313 m^ with a 
Beckman DU spectrophotometer.
The concentration of orthophosphate was deter­
mined by means of a regression equation calculated 
from a standard curve.
RESULTS
I . Nucleotide Degradation
The degradation of ATP in the tailmuscle of 
unexercised brown shrimp (Penaeus aztecus) from the 
Gulf of Mexico followed the route:
ATP to ADP to AMP to IMP to Ino to Hx 
This is the predominate pathway that has been found 
in terrestrial animals (111), marine vertebrates 
(107), and in several marine invertebrates (37)*
This is in disagreement with Japanese workers 
on several species of marine invertebrates (5, 117) 
and prawns (^, 7) where it was found that ATP 
degradation took the following pathway:
ATP to ADP to AMP to Ad to Ino to Hx 
However, the former decomposition pathway is in 
agreement with Tarr (109) who reported the same 
mechanism for ATP degradation in pink shrimp.
The progression of changes in shrimp muscle at 
0°C, as revealed by quantitative analysis of the 
nucleotides at various time intervals post-mortem,
H6
Ta6le I. Average Values and Standard Deviation for ATP, ADP, AMP, IMP, Inosine, and 
Hgpoxanthine During Development of Rigor Mortis in Shrimp Muscle Stored at
0 u  •
Storage
time ATP ADP AMP IMP Inosine Hypoxanthine
(Hours) _ nmnl 0 nor errom uof f 1
0 6 .10+0.32 1.72+0.50 0.61+0.16 4.30+0.13 ____ *_____
6 5.00+0.70 1.65+0.40 0.64+0.11 4.27+0.09 ____ *_____ ____ *____
12 4.68+0.25 1.42+0.27 0.86+0.18 4.33+O.10 ____ *_____
24 2.91+0.24 0.96+0.24 0.68+0.24 4.29+0.14 o .95±o .19 ____*_____
48 1.21+0.32 0.36+0.25 0.74+0.10 4.81+0.43 2.64+0.17 0.37+0.11
72 1.38+0.20 0.22+0.14 0.74+0.17 .4.90+0.14 3.18+0.16 1.10+0.15
96 0.87+0.19 0.28+0.14 0.77+0.10 5.27+0.14 4.11+0.15 2.51+0.15
168 ____ *_____ O.56+O.IO 3•59+0.14 5.1633). 14 3.73+0.17_
240 ____ ____ *_____ 0.59+0.23 2.89+0.24 5.22+0.09 4.52+0.18
a/ The data represent averages for three collections of shrimp. 
2/ The compound was undetectable at this storage time.
2h 7? 96 120 144 168 192 21b 240
Hours
Nucleotide Degradation in Shrimp Muscle Stored 
at 0 C: ATP, • ; ADP, A ; AMP, ■ ; IMP, A \ 
Inosine, o ; and Hypoxanthine, a .
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is illustrated in Figure 1. Specific values at the 
various time intervals are given in Table I. 
Adenosine triphosphate, the predominate nucleotide 
at the time of death, is dephosphorylated and dea- 
minated to IMP, followed by the gradual dephos­
phorylation of IMP to inosine which Is degraded to 
hypoxanthine, the predominate purine after 10 days 
of ice-storage. The absence of a detectable spot 
on the chromatograms indicated that the anticipated 
nucleotide was not present in the shrimp muscle in 
a detectable quantity, that is to say in an amount 
greater than 0.2^imole per g of tissue, at the time 
of the analysis (43).
In the unexercised shrimp muscle stored in ice­
pack, the initially high level of ATP, about 6 
^imole per g of tissue, did not decrease as rapidly 
as was found by Jones and Murray (59) in salt water 
cod. However, the fish in their experiment con­
tained significant levels of IMP at the time of 
death which suggests that the fish could not have 
been in a truly rested state. More recently, main­
tenance of initially high levels of ATP for 10 to 12 
hr have been reported for unexercised trout muscle 
(119), for rested cod muscle (57), and for squid 
muscle (99). In immobilized, relaxed mammalian
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muscle ATP did not fall appreciably until the supply 
of creatine phosphate was exhausted (14). High 
initial concentrations of creatine phosphate and 
ATP levels delayed the onset of rigor in relaxed cod 
to 48 hr post-mortem (43), as compared with 12 hr 
and 6 to 7 hr for exercised cod in which initial 
ATP levels were low and the ATP fell rapidly from 
the point of death (47, 59)* It was impossible to 
determine rigor physically in the shrimp muscle 
since they remained tender and soft during the 
entire storage period and did not exhibit any of 
the physical characteristics commonly associated 
with rigor.
Adenosine diphosphate which was present in the 
relaxed shrimp muscle in relatively low concentra­
tions initially, decreased rapidly post-mortem.
The level of AMP remained virtually constant near
O .65 ^ imole per g- of tissue during the entire stor­
age period.
The initial levels of IMP after 24 hr, were 
quite high and after 4 days increased to 5-27 ^ imole 
per g of tissue. After the fourth day the level 
gradually decreased to 2 .8 9 /pmole at 10 days of 
storage. The increase of IMP up to 4 days was con­
trary to that found by Fraser et_ al. (43) who found
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a continuous decrease in relaxed cod muscle, but 
similar to that in most other fish species (63).
Tarr and Comer (109) found that inosine and IMP 
accumulated in shrimp in high concentrations when 
compared to the other nucleotides.
Inosine, the nucleoside residue from IMP 
dephosphorylation, was not detected at 12 hr post­
mortem but was present in low quantities at 24 hr. 
From this point it increased rapidly until approxi­
mately the seventh day (168 hr) whereafter the con­
centration remained about the same. Inosine was 
first detected in the muscle at approximately the 
same time ATP had decreased to near half of its 
original concentration, viz., 3 ^imole per g.
Inosine accumulation in shrimp appears to be closely 
related to ATP disappearance.
Hypoxanthine was first detected in low quanti­
ties after 48 hr-. It showed a consistent increase 
throughout the 10-day period. The data indicate 
quite well that hypoxanthine is a degradation pro­
duct of ATP and that after an extended period of low- 
temperature storage, hypoxanthine accumulates in 
substantial quantities in shrimp muscle. Had the 
experimental storage period been extended longer, 
the hypoxanthine values would have possibly increased
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more. These high hypoxanthine values were revealed 
somewhat earlier than at the 16 days reported for 
trawled gutted cod by Jones (56). However, Spinelli 
(103) found hypoxanthine present in halibut after 3 
days of ice-storage. As hypoxanthine is the purine 
residue from inosine degradation, it would be ex­
pected that the hypoxanthine increase would be 
associated with an inosine decrease; however, this 
was not the case. The other ATP-decomposition inter­
mediates, ADP, AMP, and IMP did not show the rate of 
increase of inosine. It is quite possible that an 
extension of the storage period .would show a decrease 
in inosine while hypoxanthine continued to increase.
II. Glycogen Degradation
Concomitant with glycogen degradation was an 
increase in lactic acid content in shrimp muscle as 
shown in Figure 2. Glycogen decreased from l60 mg 
per 100 g of tissue to 70 mg by the tenth day of 
storage (Table II). During this time, lactic acid 
increased from 160 mg per 100 g of tissue to 370 mg. 
These values are low when compared to the concen­
trations usually found in unexercised mammals: Bate-
Smith (11) found that rabbit muscle contained 325 nig 
of lactic acid per 100 g of muscle Initially and the
Table II. Average Values and Standard Deviation for Glycogen, 
Lactic Acid, and pH in Post-Mortem Shrimp Muscle 
Stored at CrC. a/
Storage
time Glycogen
Lactic
acid pH
(Hours) mg per 100 grams of tissue
0 160+15.7 160+17.4 7.39+0.09
6 150+18.1 170+12.9 7.41+0.08
12 130+17.6 200+12.9 7.43+0.10
24 120+10.9 240+18.1 7.51+0.08
48 125+11.9 280+19.9 7 .70+0.12
72 110+10.5 280+16.4 7.76+0.06
96 110+10.8 310+21.9 7.90+0.13
168 110+11.4 340+11.2 8.12+0.13
240 70+ 5-2 370+20.2 8 .17+0.06
a/ The data represent averages for four collections of shrimp.
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value increased to 875 mg after 50 days of cold 
storage; glycogen values obtained in pork by Briskey 
and Wismer-Pederson (23) and in poultry by DeFremery 
(3*0 were between 500 and 700 mg per 100 g of tissue 
initially and decreased markedly after 24 hr at room 
temperature and lactic acid increased by approxi- ~ 
mately 100# from the original value of 0 .62#.
Glycogen and lactic acid values in marine ani­
mals were generally not as high as those .in warm­
blooded animals. Fraser et al. (45, 49) reported 
values for glycogen in cod ranging from 140 mg per 
100 g of tissue at the time of death to 10 mg after 
48 hr at 0°C. The corresponding values for lactic 
acid increased from 115 mg per 100 g of tissue to 
220 mg during the same storage period. In another 
experiment Fraser et al_. (43) found the lactic acid 
concentration of cod to increase from approximately 
100 mg per 100 g of tissue to 500 mg within 4 days 
of slaughter while stored at 0°C.
The values for glycogen and lactic acid in Gulf 
shrimp obtained in this study are different from 
those obtained by Bailey et aA. (8 ) in shrimp from - 
the same source who reported increases in glycogen 
from 25 mg per 100 g of tissue to 135 mg after 
storage in ice-pack for 4 days. The level remained
56
constant from 4 to 7 days, then a rapid decrease in 
concentration occurred. Lactic acid reached a peak 
concentration of 140 mg per 100 g of tissue on the 
fourth day of storage and immediately decreased to 
108 mg by the sixth day of storage. No explanation 
can be given for their results.
The pH increased from 7*39 to 8.17 after 10 
days of ice-pack storage (Table II). Bailey et al. 
(8 ) measured the pH In commercially caught shrimp 
within 72 hr after trawling. The shrimp had an 
initial pH of 7.2 while those stored In ice at 0°C 
for 20 days had a pH of 8.2. This is not in agree­
ment with the pH changes in beef as reported by 
Bodwell ert al_. (19) and Briskey and Wismer-Pederson 
(23) where the average pH decreased from 7.00 to 5-75 
within 24 hr after slaughter while stored at 0°C and 
within 19 days the value decreased to 5-46. The pH 
does not usually get lower than 5*4 or 5-3 due to the 
presence of naturally occurring buffers such as the 
phosphates and carbonates. Similar patterns of 
change are reported for pork, poultry, and rabbit 
muscle (11, 16, 19)* Fraser et_ ad. (43) found the 
pH in unexercised cod muscle stored at 0°C for 10 
days to decrease from 7.2 to 6 .5 . A decrease in pH 
in fish flesh for a short time post-mortem has been
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substantiated by other studies (117, 118). After 
prolonged storage of fish to the point of distinctive 
spoilage, an increase in pH is usually observed due 
to the formation of compounds such as ammonia and 
trimethylamine.
It is unusual that the pH values in fish and 
meat decrease post-mortem while the pH of the shrimp 
in this study showed no decrease at all, even though 
measurements were made as early as 6 hr post-mortem. 
In terrestrial animals an increase of 100 mg of 
lactic acid per 100 g of tissue was associated with 
a decrease of 1.8 pH units (15) and in marine verte­
brates an increase of 100 mg of lactic acid per 100 
g of tissue was concomitant with a decrease of 0.4 
pH units (^3)* Lactic acid production in the shrimp 
was as high as that found in several other studies 
for fish. This lactic acid-pH relationship appears 
to be unique in the shrimp muscle.
Ill. Orthophasphate
Orthophosphate or inorganic phosphate is indica­
tive of nucleotide or sugar phosphate dephosphoryla­
tion in muscle tissue. Orthophosphate decreased 
from 3°78^pg per 100 g of shrimp tissue to 725 
after 10 days of storage (Table III). This is
Table III. Average Values and Standard
Deviation for Orthophosphate in 
Post-Mortem Shrimp Muscle Stored 
ft 0°C. a/
Storage
time Orthophosphate
(Hours) jig per 100 grams of tissue
0 3078+ 7.8
6 3000+ 6.6
12 2900+ 5.9
24 2100+ 4.2
48 1675+ 4.4
72 1500+ 9.9
96 1360+11.1
168 794+ 9.8
2^0 725+ 8.8
a/ The data represent averages for four 
collections of shrimp.
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somewhat higher than that reported in shrimp by- 
Bailey et_ al. (8 ) who reported values of 700 ^ g  per 
100 g of tissue of inorganic phosphate in fresh 
shrimp and 400 ^ pg after 10 days of ;torage.
The reported values for orthophosphate concen­
tration in lingcod increased from 1420 ^ ig per 100 g 
of tissue to 1990 ^ ig after 21 days of storage. 
Bate-Smith (11) found similar changes in ice-stored 
rabbit muscle. Freshly-slaughtered rabbits con­
tained 8 4 0 ^ g  per 100 g of tissue and when stored 
for 60 days at 0°C contained 1910^ig.
Bailey et_ al. (8 ) attributed the decrese in 
orthophosphate as possibly due to the leaching of 
the orthophosphate from the tissues during the 
storage period.
DISCUSSION
This study appears to be the first investigation to 
elucidate the post-mortem degradation patterns of the 
commonly-used indicator compounds for rigor mortis 
muscle near 0°C. The shrimp were presumably in good 
post-nutritive condition and not under stress at the time 
of death. They represented the major species of com­
mercial shrimp from inland waters of the Gulf of Mexico. 
It is believed that the data obtained in this study 
present an excellent biochemical definition of rigor 
mortis in shrimp which heretofore v:as not available.
The data represent several replications of shrimp (four), 
large sample sizes for each analysis (oO shrimp), close 
observations of early post-mortem changes (measurements 
at 6, 12, and 2h hr), and careful control of all experi­
mental conditions affecting the samples, and improved 
analytical procedures particularly in the case of the 
nucleotides. The values do not represent those expected 
in commercially caught shrimp, however, quantitatively 
the patterns of change should be reasonable similar.
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The nucleotide degradation pathway appeared to be 
the same as that for fish and mammals. Initial levels 
of ATP were similar in the non-stressed shrimp muscle to 
those found in unexercised marine and land vertebrates. 
The initial level of IMP in shrimp, as in other marine 
animals, was considerably higher than that found in 
mammalian muscle. It Is quite probable that IMP makes 
an important contribution to the characteristic flavor 
of fresh shrimp. Hypoxanthine, the purine residue of 
ATP degradation, accumulated in large quantities after a 
period of time post-mortem.
The accumulation of hypoxanthine in fish tissues 
has been proposed as an index of quality for low-tempera- 
ture stored fish by Spinelli et_ aJL. (104) and Hughes and 
Jones (5^)* It has the advantage over other compounds 
that have been previously proposed as quality indices in 
that its presence can be detected in relatively high 
quantities after a period of storage but before the pro­
duct is In the advanced stages of spoilage. It Is pos­
sible that hypoxanthine could be used to judge the length 
of time shrimp have been held in storage or the way in 
which they were treated post-mortem. No attempt was made 
In this study to establish a relationship between hypo­
xanthine concentration and sensory quality as the shrimp 
used in this study had not begun to show pronounced
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spoilage during the 10-day experimental period, however, 
a few showed signs of incipient spoilage*. A hypoxanthine 
value of 4 to 8 umoles per g of muscle may he indicative 
of incipient spoilage in unexercised shrimp. Undoubtably 
this value must be lower for commercially caught shrimp.
Fieger et^  al_. (42) reported that the quality of 
commercially-caught shrimp deteriorated by O^fo after 5 
days of ice-pack: storage as measured organoleptically. 
After 11 days of storage the shrimp were Judged to be 
unacceptable. Part of the reason for the degradation of 
prime quality in shrimp could be related to the production 
of inosine and hypoxanthine which have been reported by 
Kazeniac (64) as imparting a bitter taste to seafoods. 
Concurrently with the production of inosine and hypo­
xanthine, a loss of IMP which is an important flavor 
complement in seafoods occurred.
The thin-layer procedure used In this study proved 
to be a rapid and reliable method of nucleotide estima­
tion. It has the advantage that the neutralized per­
chloric acid extract of the nucleosides does not need 
concentrating as is required by the other methods. The 
procedure does not require as expensive equipment as the 
conventionally used column chromatography and can be per­
formed in quality control laboratories if hypoxanthine 
is to serve as a quality index. This procedure also
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requires less time than the ion-exchange column chroma­
tography procedures which have been proposed for the 
estimation of hypoxanthine (38* -^8, 54, 74, 104).
Glycogen levels in shrimp were somewhat lower than 
those for fish. It should be expected that detectable 
levels of glycogen may be expected in commercially- 
caught shrimp which are severely exhausted at the time 
of death. The glycogen decrease - lactic acid increase 
patterns for shrimp are similar to those of other marine 
and land animals; however, the absence of an initial 
post-mortem drop in pH is unique. An explanation for 
this may be associated with a rapid release of low 
molecular weight bases in the tissue soon after death. 
Shrimp muscle contains considerably higher concentrations 
of non-protein nitrogenous compounds than fish or mammals.
Since the shrimp muscle did not stiffen during the 
storage period, it was impossible to determine the onset 
and duration of rigor physically. However, if rigor is 
chemically defined to be the disappearance of ATP in the 
tissues (43), rigor was perhaps attained by approximately 
48 hr post-mortem in the unexercised shrimp.
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